Abstract-An efficient approach is presented for the design of a low sidelobe four-dimensional (4D) planar antenna array, taking into account mutual coupling and platform effect. The approach is based on the combination of the active element patterns and the differential evolution (DE) algorithm. Different from linear and circular arrays, the mutual coupling compensation in a planar array is more complicated since it requires numerous data of the active element patterns in different azimuth planes. In order to solve this problem, a useful interface program is developed to get these data from commercial software HFSS automatically. Also different from conventional low sidelobe arrays with tapered amplitude excitations, the low sidelobe in the 4D array is realized using time-modulation technique under uniform static amplitude and phase conditions. The DE algorithm is used to optimize the time sequences which are equivalent to the complex excitations in conventional arrays. Both computed results and simulated results in HFSS show that a −30 dB sidelobe pattern can be synthesized in a 76-element planar array with an octagonal ground plane and a radome, thus verifying the proposed approach.
INTRODUCTION
Four-dimensional (4D) antenna arrays, which are also termed as time modulated arrays in literature [1] [2] [3] [4] [5] [6] [7] [8] , are formed by introducing a fourth dimension, time, into conventional antenna arrays operating in the 3-dimensional space. As compared to conventional arrays, the 4D arrays have much more flexibility in pattern synthesis, due to the additional degree of design freedom, time. For example, low sidelobe level (SLL) patterns can be synthesized in 4D arrays with uniform static amplitude and phase excitations. In the past decade, many studies have been carried out to synthesize desired patterns and suppress the sideband level (SBL) in 4D linear and planar arrays using various optimization algorithms [3] [4] [5] [6] [7] [8] [9] [10] [11] . Recently, some studies show that 4D arrays have promising potentials for some practical applications, such as harmonic beamforming without phase shifting [12, 13] , direction finding [14, 15] , monopulse radar design [16, 17] , adaptive nulling [18, 19] , and directional modulation for secure communication [20] . All these distinct advantages in 4D arrays are based on the exploitation and utilization of the sideband signals caused by time modulation.
This paper focuses on the pattern synthesis of 4D planar arrays, taking into account the mutual coupling and platform effect. Although the pattern synthesis of 4D planar arrays has been reported in [9] [10] [11] where isotropic elements are used, the mutual coupling effect has not been addressed. Mutual coupling among antenna elements in antenna arrays can strongly affect the radiation pattern, especially in small-and medium-sized arrays [21] . Many efforts have been made to compensate for the mutual coupling effect through the coupling impendence matrix combining numerical computation technique (e.g., method of moments) [22] [23] [24] . They are very efficient descriptions of the coupling effect for linear and circular arrays with simple elements. However, the approach is no longer adequate for a planar array with tens of complex elements and a platform, as the computation of the coupling matrix is a very heavy burden.
The active element pattern method is a very simple but powerful tool to account for the mutual coupling and platform effect [25] [26] [27] [28] [29] . The active element pattern of an array is defined as the radiation pattern of the array when a single radiating element is driven and all the other elements are terminated with matched loads. The active element patterns have a specific relationship with mutual impedance matrices in array antennas. The later can be determined from the former [30, 31] . The radiation pattern of a fully excited array can be expressed as the sum of the active element patterns scaled corresponding complex excitations, without taking into account the array factor. Since the active element patterns are produced in the presence of the mutual coupling and platform effects, the array response includes mutual coupling and platform effects. The active element pattern can be obtained by either measurement or full-wave simulation of the array. Of course, the latter is more preferable for most antenna engineers nowadays, as this task can be fulfilled easily by several commercial simulation solvers, such as HFSS and CST. After the data of active element patterns are obtained and stored, the pattern synthesis can be performed using global optimization algorithms (e.g., differential evolution [3, [32] [33] [34] ).
The paper is organized as follows. In Section 2, a 76-element printed dipole planar array is presented. Simulated results show that the array elements can operate from 2.0 GHz to 4.0 GHz, with an active VSWR of less than 1.5. In Section 3, some mathematical formulations of 4D arrays are presented, and field computation disciplines in different coordinate systems are explained. Then an effective procedure is introduced to automatically acquire the data of active element patterns of individual elements in different azimuth planes. Combining the stored active element pattern data, the DE algorithm is used to optimize the time sequences for synthesizing a low sidelobe pattern. In Section 5, some numerical results are reported to demonstrate the effectiveness of the proposed pattern synthesis approach, including computed patterns and simulated patterns by HFSS. Finally, some conclusions are drawn.
DESIGN OF THE PLANAR ARRAY
The main difference between 4D arrays and conventional arrays lies in the feeding network. Different from conventional low SLL array with tapered amplitude excitations, the 4D planar array presented in this paper is time-modulated to achieve equivalent amplitude weighting at the center frequency and both amplitude and phase weighting at the sideband frequencies. In this paper, commercial software HFSS is used to design and simulate the 4D planar arrays [35] . Figure 1 shows a 4D planar array consisting of 76 printed dipoles.
Printed dipole Figure 1 . Geometry of the 76-element planar array with an octagonal ground plane.
For simplicity, the feeding network including the RF switches is not simulated in HFSS, since it does not affect of the radiation pattern of the 4D array. The elements are uniformly laid out in a rectangular lattice in the XY plane, with an inter-element separation of half wavelength at 2.5 GHz. The planar array is covered by a radome and backed on an octagonal ground plane. Figure 2 illustrates the simulated active VSWR of an antenna element in an infinite array where master and slave boundaries are used. Figure 3 shows the simulated active VSWRs of different elements in the 76-element array (the No. of antenna elements is referred to Figure 6 ). As can be seen, the array elements can be used to operate from 2.0 GHz to 4.0 GHz (VSWR < 1.5). The VSWRs of the elements near the center of the array (e.g., No. 1, 2 and 6) are almost the same as that of a single element in an infinite array. This is due to that mutual coupling effect is most significant between neighboring elements, and the center elements experience approximately the same electromagnetic environment as an element in an infinite array. The active VSWRs of the elements near the edges of the array (e.g., No. 4 and 5) deteriorate, since they experience a different electromagnetic coupling environment as the elements near the center. The good impendence matching performance is necessary to ensure that the array has a higher realized gain, whose definition includes the effect of reflected power [25] . As the geometry of the 76-element array is almost symmetrical with respect to the XZ and Y Z planes, both the two planes are set as symmetry boundaries. The 76-element array is reduced into a 19-element subarray, as shown in Figure 4 . Assigning symmetry Figure 4 .
Geometry of the 19-element subarray obtained by splitting the 76-element array from the XZ and Y Z plane. boundaries will reduce the computation burden significantly for the pattern synthesis in the following parts. To validate the model, the radiation patterns of the full array shown in Figure 1 and the subarray shown in Figure 4 are compared. Figure 5 illustrates the comparison of the radiation patterns of the 76-element array and the 19-element subarray in ϕ = 10 • plane. The pattern of the subarray with symmetry boundaries matches well with the pattern of the full array.
PATTERN SYNTHESIS APPROACH

Mathematical Formulation of 4D Arrays
In this paper, the 4D planar array is supposed to operate at the center frequency f 0 = 2.5 GHz, with uniform static amplitude and phase excitations. In order to synthesize a low SLL pattern, the array is timemodulated by RF switches and its time sequences will be optimized in the subsequent part. The time modulation period is set as T p , with a time modulation frequency f p = 1/T p (f p f 0 , the radiation pattern is independent of f p ). For simplicity, the time modulation scheme of pulse shifting proposed by Poli and Rocca is adopted [36] , which is an appropriate trade-off between the flexibility and complexity of the time sequences. The periodic switch on-off time function U i (t) for the ith element can be given by
where 0 ≤ t i ≤ 1 and 0 ≤ τ i ≤ 1. t i and τ i denote the switch-on time and on-off time interval for the ith element, respectively. Both of them are normalized values. The time modulation in 4D arrays can bring on equivalent amplitude excitations at the center frequency, and both amplitude and phase excitations at the sideband frequencies in a time-average sense. Using Fourier series decomposition approach [2] , the equivalent complex excitations for the ith element at the center frequency f 0 and the first order sideband frequency f 0 + f p are expressed as
where w 0 (i) and w 1 (i) denote the complex excitations at f 0 and f 0 +f p , respectively. Since the higher order sideband levels of 4D antenna arrays with pulse shifting are usually much lower than that of the first sideband, only the equivalent complex excitations at the center frequency and the first sideband are considered in this paper.
Coordinate System in HFSS
By the principle of superposition, the radiation vector field of the fully excited array can be expressed as the superposition of the active element patterns scaled by corresponding complex excitations, given by where E m θ (θ, ϕ) and E m ϕ (θ, ϕ) are the θ-and ϕ-components of the total vector field in the mth sideband frequency (m = 0 or 1, corresponding to f 0 and f 0 + f p ). N = 19 is the number of elements in the subarray. E θ (i, θ, ϕ) and E ϕ (i, θ, ϕ) are the θ-and ϕ-components of the active element pattern produced by the ith element. w m (i) is the equivalent excitation of the ith element, which is calculated by (2) . Quantities in boldface type are vectors, and the active element patterns contain both magnitude and phase data. As the active element pattern represents the pattern radiated by the entire array when only one element is directly excited and the other elements are parasitically excited by the active element, it includes the effects of mutual coupling and the platform.
The total field pattern radiated by the fully excited array can be accurately expressed combining the two parts, E θ and E ϕ , given by
In general, the co-polarization and cross-polarization patterns are paid more attention to, which can be expressed as
Based on the simulation of the array in HFSS, the cross-polarization component level is −40 dB lower than the co-polarization component level, which implies that the co-polarization field pattern can be expressed approximately with the total field pattern. In the following, all the radiation patterns refer to the total field patterns.
Acquisition of Active Element Patterns
The key problem of the active element pattern method is how to acquire the active pattern data in an easy way. For the aforementioned array with 19 elements, even if the array response is computed at the azimuth planes from ϕ = 0 • to 90 • at a step of 10 • , there are still 19 × 10 sets of data recording the amplitude and phase of both the E θ and E ϕ components. Obviously, it is a rather cumbersome task to obtain these data after changing the port excitations in HFSS manually.
In order to solve this problem, an effective procedure has been developed to acquire the active element pattern data, as shown in Figure 7 , with the help of the .vbs interface program readable by HFSS. With the procedure the 19 elements are excited individually in turn with unity terminal voltage and zero phase while the other elements are under matched load conditions. The .vbs file can be used to control the HFSS, change the port excitations and export the pattern data automatically. In order to reduce the numerical computation burden, the complex active pattern data including E θ and E ϕ are computed and recorded every 10 degrees in ϕ from 0 • to 90 • and every 2 degrees in θ from 0 • to 90 • . The acquisition of 190 sets of active element pattern data is finished on a PC without any manual operation. It takes only about 6 minutes to get all the data in need.
Change vbs. file
The i th element is excited. Export the E and E pattern data Figure 8 . Flowchart of the pattern synthesis approach combining the active pattern data and the DE algorithm.
Pattern Synthesis Using the DE Algorithm
Now, the pattern synthesis procedure based on the combination of the active element pattern data and the DE algorithm is introduced, as shown in Figure 8 . The DE algorithm is used to optimize the time sequences, and then the equivalent amplitude and phase excitations can be obtained by (2) . According to (3) and (4), the radiation pattern of the subarray can be computed, including max E-field, SLL, SBL, which are fed back to the cost function. The DE algorithm will optimize the time sequences until the stop condition is fulfilled. The switch-on time t i and the on-off time interval τ i for each element constitute the optimization parameter vector t = {t i , τ i } (i = 1, 2, . . . , 19) , and the cost function for a low SLL sum pattern is constructed and given by
where max(E total ) is the maximum amplitude of the total E-field at f 0 , which is related to the gain of the array. SLL is the computed sidelobe level at f 0 , and SBL is the computed sideband level at f 0 + f p . α 1 , α 2 , and α 3 are corresponding weighting factors for each term.
Although the pattern synthesis approach is presented for 4D arrays, it can be slightly modified and applied to conventional arrays by ignoring the sideband radiation pattern (the term of SBL).
NUMERICAL RESULTS
The optimization target is to synthesize a −30 dB SLL pattern at the center frequency f 0 , while suppressing the SBL to be as low as possible. The search ranges for the switch-on time t i (i = 1, 2, . . . , 19) and onoff time interval τ i are chosen as [0, 1.0] and [0.1, 1.0], respectively. Figure 9 shows the normalized far field patterns in different azimuth planes at f 0 . Due to the additional degree of design freedom in 4D arrays, the optimized SLL can be lowered to −30.0 dB. It is known that the SLL of a conventional uniformly excited planar array without time modulation is about −16 dB. Thus, the time modulation in 4D arrays achieves a SLL reduction of about −14 dB. Figure 10 illustrates the pattern of the first sideband signal. It is seen that the SBL is suppressed to −28.5 dB. The corresponding pulse shifting time sequences are plotted in Figure 11 where the gray part means that the switches are ON. ormalized power pattern (dB) ormalized power pattern (dB) In conventional arrays, the low SLL can be used to significantly reduce the probability of interception (LPI) in wireless communication or radar. However, a receiver sensitive enough can still eavesdrop on the information by capturing the radio waves from the sidelobes when the array is used as a transmitting antenna. In the 4D array aforementioned, the sideband signal level (shown in Figure 10 ) is almost as high as the center frequency signal level (shown in Figure 9 ) in the sidelobe region. When the proposed array is used to transmit a broadband signal, the radiated signals in the sidelobes will be timemodulated and become distorted due to aliasing effect, preventing eavesdroppers from demodulating the transmitted signal correctly. This distinct advantage in 4D arrays is useful in wireless secure communication. To verify the proposed approach, we edited the port excitation sources of the array model in HFSS according to the equivalent excitations obtained by (2) . The directly simulated results from HFSS are compared to the computed results using active element pattern data, as shown in Figure 12 . It is seen that the computed results using active element pattern data are in exact agreement with the simulated results by HFSS, thus demonstrating the validity of the proposed approach.
To verify the proposed approach further, the full planar array with 76 elements is also simulated with the equivalent excitations. 
ormalized power pattern (dB) Figure 13 . Simulated radiation pattern of the 76-element array in different azimuth planes. 3D radiation pattern. The simulated realized gain is 23.3 dBi for the −30 dB SLL pattern (without taking into account the feed network), while the simulated gain of the same array without time modulation is about 24.2 dBi. That is to say, the gain of the 4D array has a reduction of 0.8 dB due to the time modulation.
CONCLUSION
In this paper, a low sidelobe 4D planar array with 76 printed dipole elements has been designed, taking into account the effects of the mutual coupling and the surrounding environment. The commercial full-wave simulation software HFSS is used to simulate the array response. A useful interface program has been presented to obtain the large quantities of active pattern data. Based on the use of active element pattern data, a −30 dB SLL pattern is synthesized. Simulated results using HFSS verify further the effectiveness of the proposed approach. The proposed approach is commom and can be applied to arbitrary arrays of any type of elements, as long as the arrays response can be simulated by software. 
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